ABSTRACT. This study investigates the effects of dietary oregano essential oil (OEO) and vitamin E (Vit E) supplementation on meat quality, stress response and intestinal morphology in pigs following transport stress. A total of 288 finishing pigs were randomly assigned to three groups: a basal diet or a basal diet supplemented either with 200 mg/kg Vit E or 25 mg/kg OEO. After a 28-day feeding trial, total of 132 finishing pigs according diet and transport stress were assigned to one of four treatment groups: 1) control treatment without transport stress (Control group), 2) control treatment with 5-hr transport stress (Negative group), 3) Vit E treatment with 5-hr transport stress and 4) OEO treatment with 5-hr transport stress. Transport stress pigs had lower muscle 45 min pH (pHi) and higher drip loss than control pigs. Dietary OEO and Vit E supplementation significantly increased 45min pH under transport stress, and the OEO groups produced lower 24-hr drip loss values (P<0.05) than that of pigs from the negative group. The OEO-supplemented pigs showed decreased serum levels of creatine kinase (CK) and cortisol (P<0.05), and decreased Hsp 27 (heat shock protein 27) and Hsp 70 (heat shock protein 70) mRNA expression in the muscle (P<0.05). Additionally, histological analysis revealed intestinal epithelial damage in transport stress pigs that was reversed by dietary supplementation with OEO. In conclusion, supplementation with dietary OEO may be superior to supplementation with dietary Vit E in alleviating the meat quality, stress response and intestinal morphology of pigs after challenge due to transportation stress.
Pigs are often subjected to road transportation, which is complicated by various physical and psychological challenges including noise, motion, fasting, dehydration, crowding and changes in temperature [20, 28] . These stressors might induce structural changes in muscle tissues and the intestine, thereby leading to deterioration in the quality of the meat and injury of the intestine [22] . At endocrinal levels, the pituitary-adrenal axis is stimulated under transport stress, which increases levels of glucocorticoids. This further takes a toll on an animal's productivity by bringing about substantial changes in body metabolism [29] . At the cellular level, the ability to survive and adapt to transport stress involves gene expression; increased expression of heat shock proteins (HSP) is integral to the cellular response to stress [9] .
A number of ways exist to alleviate the negative effects caused by transport stress on meat quality, intestine structure and the stress response in pigs. Vitamin E (Vit E) is a well-known chain-breaking antioxidant and has been shown to reduce transport stress and improve meat quality in finishing pigs [4, 19, 21] . Plant extracts have been studied as alternative feed additives in recent years [35, 36] . Among these plant extracts, oregano essential oil (OEO) has been found to possess significant effects in alleviating transport stress in pigs. Previous studies from our laboratory have found that dietary OEO supplementation improved pig meat quality under transport stress conditions [35] . However, differences between transport stress and non-transport stress have not been considered. Thus, knowledge concerning the effects of dietary supplementation with OEO for alleviation of stress of transported pigs is limited.
This study aimed to evaluate the effects of OEO and Vit E on meat quality, stress response and intestinal morphology in pigs doi: 10.1292/jvms. following transportation. The effects of dietary OEO on growth performance were also determined.
MATERIALS AND METHODS
All animal handling protocols were approved by the Huazhong Agricultural University Animal Care and Use Committee (ref. SCXK20080004).
Animals, diets and treatments
A total of 288 finishing pigs (Large White×Landrace) were selected from the same farm (Wuhan Chinapork Co., Ltd., Wuhan, China), based on body weight (BW), structural soundness and the health status of the pigs. All pigs (77 ± 5 kg BW) were individually ear-tagged, weighed and randomly assigned to three dietary treatments from blocks designed to balance initial BW across treatments. Each treatment had six replicate pens of 16 pigs per pen. The treatments were as follows: Control group, basal diet; Vit E group, basal diet supplemented with 200 mg Vit E/kg; or OEO group, basal diet supplemented with 25 mg OEO/kg. Pigs had ad libitum access to feed and water throughout the 4-week feeding experiment. The pig pens were kept in an environmentally controlled building with a temperature between 27 and 33°C. The weights of feed allocated and left in the feeders were recorded daily. The BW of each pig was recorded at the beginning and end of the experiment. At the end of the 4-week feeding experiment, the average daily gains (ADG), average daily feed intakes (ADFI) and feed/gain ratios (F/G) were calculated for each pen. The composition of the control diet is shown in Table 1 . Vit E was purchased from New Weipu Additive Co., Ltd. (Zhejiang, China). The OEO was in the form of a powder called Phytogen (Meritech Bioengineering Co., Ltd., Guangzhou, China). The composition and analysis are shown in the supplementary Table 1 
Transport and slaughter
On the day of slaughter, sixty pigs from control group, thirty-six pigs from Vit E group and thirty-six pigs from OEO group with the final BW closet to the 100 kg were selected. All pigs according diet and transport stress were assigned to one of four treatment groups: 1) control treatment without transport stress (Control group), 2) control treatment with 5-hr transport stress (Negative group), 3) Vit E treatment with 5-hr transport stress (TS-Vit E) and 4) OEO treatment with 5-hr transport stress (TS-OEO). Pigs were transported using the method previously described by Zou et al. [35] .The truck used to transport pigs usually has three layers comprising 30 small vehicle pens; each vehicle pen has a dimension of 190 × 112.5 × 120 cm (length × width × height) and covers an area of approximately 2.138 m 2 . Twenty-four pigs were selected from control group of pigs, according to low stocking density (4 pigs per vehicle pen or 187 kg/m 2 ), were directly transported to the abattoir (1-hr journey) a day prior to slaughter and housed in resting pens for 24 hr (14:00 to next day 14:00) with water ad libitum before slaughter. On the other hand, negative group,TS-Vit E group and TS-OEO group were shipped according to high stocking density (6 pigs per vehicle pen or 280 kg/m 2 ) and taken on a continuous 5-hr journey on a country road at a speed of 60-90 km/hr with no feed or water provided before slaughter. The weather was hot, with outdoor temperature ranging from 27 to 34°C during the 5-hr transportation period (from 9:00 to 14:00).
Sampling and processing
After arrival in the abattoir, twelve pigs from each group (two pigs per vehicle pen) were randomly selected from each treatment group (control, TS, TS-vit E or TS-OEO) with final BW closest to 100 kg and were selected for slaughter for meat quality evaluation. Pigs were slaughtered quickly by severance of the jugular veins after electrical stunning (75V, 1.5A, 3-4 sec) on a single day to avoid interference arising from lairage time and treatment during lairage. Longissimus thoracis et lumborum (LTL) samples with backfat layer (30 cm around the 13th rib) were removed from the left side of pig carcasses [15] . Each sample was sliced into two sections. One section was divided into five pieces (about 1 g), vacuum packed and snap frozen in liquid nitrogen and then stored at −80°C until analysis; the other (about 2 kg) was kept for meat quality studies. Samples of the jejunum itself were removed from the middle jejunum segment and then rinsed with ice-cold physiological saline. Jejuna (3 cm) were kept in 4% neutral buffered formalin for gut morphological analysis. Blood samples were collected by beaker during exsanguination and then quickly separated into five tubes. A 10 ml sample was placed on ice immediately and subsequently centrifuged at 1,300 ×g at 4°C for 15 min to obtain serum. The serum samples were stored at −80°C for subsequent analysis.
The pH value and meat color (MC)
The pH of the LTL was measured using a glass electrode connected to a pH meter (Matthäus, Pöttmes, Germany), with the electrode inserted into the muscles. Approximately 20 g of LTL specimen were minced by meat chopper (Shenan, Shanghai, China) prior to testing and sampled at 45 min (pH immediately, pHi) and 24 hr (pH ultimately, pHu) postmortem. The pH meter was standardized by a three-point method against buffer standards of pH 6.86, pH 4.01 and pH 9.18. The part of the muscle between 12th and 13th ribs was sliced across the fibers, left exposed to the air at room temperature for 45 min and stored at 4°C for 24 hr. The pH value was determined as the mean of readings taken at three sites on the muscle. MC 45 min and MC 24 hr were measured 3 times per sample on the cut surface using the OPTO-STAR meat color determinator (Matthäus).
Electrical conductivity (EC)
Approximately 20 g of LTL specimen, between 12 th and 13 th ribs were left exposed to the air at room temperature for 45 min and stored at 4°C for 24 hr. Meat EC 45 min and EC 24 hr were measured 3 times per sample with the electrode inserted doi: 10.1292/jvms. into the muscles using the LF-STAR conductivity determinator (Matthäus). In order to minimize errors in the above mentioned characteristics, the location of the measurement was changed three times around the center point for each reading, and their average was used in the analysis.
Drip loss
In brief, three cores of 25 mm diameter and approximate 10 g each, were sampled from the ventral, middle and dorsal parts of a piece of LTL taken from the region of the 14th rib. Each sample was placed in a special EZ-DripLoss container (Taastrup, Denmark) and remained for storage at 4°C. All containers were tared before use. The meat samples were then removed from the EZ-DripLoss containers after 24 hr, and each container with exudated meat juice was weighed on the scale used for the taring procedure. All drip loss measurements were expressed as a percentage of the initial weight.
Intramuscular fat
Measurement of IMF was made according to the method first described by Folch et al. [10] . In brief, tissue samples were 
Serum measurements
Serum cortisol level was measured using the double-antibody sandwich enzyme-linked immunosorbent assay (ELISA) Kit (R&D, Minneapolis, MN, U.S.A.). Immunological detection of the cortisol was performed essentially according to the manufacturer's instruction. Serum creatine kinase (CK) level was assayed using colorimetric methods with a spectrophotometer (Thermo Electron Corporation, Rochester, NY, U.S.A.) and conducted with the assay kits purchased from Nanjing Jiancheng Insititute of Bioengineering (Nanjing, Jiangsu, China) and the procedures according to kit instructions.
Quantitative PCR
Total RNA was extracted from samples of jejunum using Trizol reagent (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer's instructions. Real-time PCR was performed according to our previous study [32] . The relative expression of genes in the treatment group was normalized based on the values of the control group. Primers (Table 2 ) used in this study were either synthesized according to our previous protocols or designed with Primer 5.0 according to pig gene sequence.
Determination of jejunal morphology
The jejunum was removed from the digestive tract, cut and fixed in 10% phosphate-buffered formalin. The samples were sectioned at 5 mm thickness and stained with hematoxylin and eosin. Villous height and crypt depth were measured on the stained sections using a light microscope fitted with an image analyzer (Image Pro Plus 6.0; Media Cybernetics, Bethesda, MD, U.S.A.). The measurements of 20 villi and crypts were taken for each segment.
Statistics
Data were analyzed by ANOVA using SAS version 8.2 (SAS Inst., Inc., Cary, NC, U.S.A.). Performance was analyzed with pen as the experimental unit. Meat quality, stress response and jejunal morphology were analyzed with individual animal as the experimental unit. All data were tested for normality and homoscedasticity before analysis using the Shapiro-Wilk and Levene tests, respectively. Significant differences among treatment means were determined by Duncan's Multiple Range Test method (Duncan, 1955) . Significance was accepted for P<0.05, and results were presented as mean and pooled standard error of the mean. 
RESULTS

Feed intake and growth performance
Although pigs from each group did not show much difference in their initial body weight and their feed intake was not significantly different (Table 3) , the group with OEO supplementation increased their final BW (P<0.05) and ADG (P<0.05) and significantly decreased their FCR by 8.6 and 3.4%, respectively, compared with the control and Vit E groups.
Meat quality
The meat quality characteristics of pigs are described in Table 4 . After 5 hr transportation, the pHi value of the Longissimus thoracis et lumborum (LTL) meat of transport stress pigs was significantly decreased compared with that of control pigs (P<0.05), while drip loss of the LTL was higher in transport stress pigs than in control pigs (P<0.05). Drip loss and pHi were significantly decreased after OEO supplementation compared with that of controls during transport stress (P<0.05). Vit E supplementation only significant effected pHi following transport stress.
Morphology of small intestine
As shown in Fig. 1 , the jejunum morphology of pigs fed with control diet was obviously damaged after 5 hr transportation. Dietary OEO supplementation prevented the distortion of jejunal architecture induced by transport stress. Moreover, the intestinal morphological indices, including villous height (VH), crypt depth (CD) and villous width (VW), were calculated and shown in Table 5 , and the results indicated that VH in transport stress pigs decreased significantly compared with that in control pigs (P<0.05). OEO supplementation increased VH in transport stress pigs (P<0.05).
Serum measurements
Serum cortisol and creatine kinase (CK) levels are shown in Fig. 2 . After 5 hr transportation, serum cortisol and CK levels in transport stress pigs increased significantly compared with that of control pigs (P<0.05). When pigs endured transportation, serum cortisol was significantly increased in pigs fed the OEO supplemented diet compared with the negative group (P<0.05). Moreover, OEO and Vit E supplementation decreased serum CK levels of transport stress pigs in comparison with the group of control animals (P<0.05). Hsp 27, Hsp 70 and Hsp 90 mRNA expression levels in the muscle of control and transport stress pigs are shown in Fig. 3 . Hsp27 expression levels in transport stress pigs were significantly increased compared with those in control pigs (P<0.05). Pigs receiving OEO supplementation showed a dramatic decrease in the stress-induced upregulation of Hsp 27 in transport stress pigs. After 5 hr transportation, the relative expression levels of Hsp 70 mRNA were dramatically increased in transport stress pigs compared with those in control pigs (P<0.05); dietary OEO supplementation significantly decreased Hsp 70 expression (P<0.05). Furthermore, both Hsp27 and Hsp70 mRNA levels were not significantly different between pigs receiving Vit E supplementation and control pigs. Expression of Hsp 90 did not change significantly after 5 hr transportation (P>0.05), and no significant differences in Hsp 90 mRNA levels were observed amongst the dietary treatments (P>0.05).
Muscle heat shock protein (Hsp) gene expression
DISCUSSION
Stress caused by transportation is one of the major factors influencing intestine and meat quality in pigs [28, 31, 33] . Deterioration of meat quality during the transport period is of particular economic importance in animal and meat production [25] . Effects of transport stress on the gastrointestinal tract are of great interest, because these effects may increase the risk of bacterial translocation, leading to carcass damage, poor meat quality and high morbidity [13, 14, 22, 23] . The status of the gut and its microscopic structure are good indicators of the stress response of the intestinal tract [30] . In the present study, transportation resulted in increased stress status accompanied by lower LTL pHi values and high drip loss values. Additionally, the villi were scattered and seriously desquamated in the jejunum of the negative group, while lower villi were observed in the jejunum of transport stress pigs.
Blood parameters are considered to be the most effective marker of a physiological condition or disease [3] . Serum cortisol concentrations in serum are a hallmark of stress in pigs, especially transport stress [6] . Creatine kinase (CK) is released into the blood when there is muscle damage or when there is vigorous exercise [8] . It is clear that some kinds of damage that affect welfare result in CK release [6] . The present results are consistent with previous findings, in which transport stress increased the cortisol and CK levels in transported pigs. Cells in all organisms respond to environmental stressors by rapid gene transcription and subsequent mRNA translation, which generates a group of highly conserved proteins termed heat shock proteins (Hsps) [18] . These proteins protect cells from stress by restoring the function of damaged proteins, preventing protein aggregation and inhibiting denaturation [24] . These proteins are found in several protein families, including the Hsp 27, Hsp 70 and Hsp 90 families [27] . Research has shown that large Hsp proteins, such as Hsp 90, and small Hsp, such as Hsp 27, may be important in cell protection [7, 17] . Our investigation showed that the muscle levels of Hsp 27 and Hsp 70 mRNAs were enhanced after transportation compared with control pigs, whereas the muscle levels of Hsp 90 exhibited no obvious changes after transportation compared with control pigs. The reason for this finding may be that different HSPs differ in the capability to protect muscle in pigs responding to transport stress.
Feeding Vit E has a beneficial effect on meat quality by preserving the integrity of the muscle cell membranes [5] . Guo et al. [12] have reported that feeding pigs with 200 IU/kg Vit E during the growing and finishing periods significantly improves meat quality indicators, such as pH, conductivity, color and drip loss. The present results are consistent with previous findings, in which supplementing the diets of finishing pigs with vit E improved the 45-min pH values and the CK levels in transported pigs. Interestingly, it was also observed that OEO was beneficial for alleviating meat deterioration. The OEO used in the present study contains volatile, natural, complex compounds characterized by a strong odor, formed by Origanum vulgare L as secondary metabolites [1] . The main components of the OEO were thymol and carvacrol, while their biogenetic precursors, ρ-cymene and γ-terpinene were the most abundant monoterpenes (see Supplemental Materials). Compared with Vit E group, it was observed that a diet containing OEO was more effective in improving meat quality and reducing intestinal injury in transport stress pigs. These results are consistent with our previous laboratory finding that OEO could improve meat quality and reduce intestinal injury when pigs suffer transport stress [34, 35] . In the present study, serum cortisol and CK ratios were elevated following transport stress, but significantly reduced in pigs fed with OEO compared with the negative group. Similarly, the upregulated expression of stress markers, Hsp 27 and Hsp 70, in transport stress pigs was suppressed by OEO supplementation. Hsps act as molecular chaperones, maintain the metabolic and structural integrity of the cell, and have protective effects on some tissues against stress [2, 16] . These parameters are associated with the stress response and were markedly improved by OEO supplementation. However, this suppressing effect on response was not obvious in the Vit E group. Poor meat quality and injury of the intestines are tightly correlated with transport stress. The effects of OEO on intestinal and meat quality may be caused by OEO administration attenuating stress responses. Our findings suggest that OEO is a potential alternative to Vit E for improving transport stress in pigs.
In addition, with regard to growth performance, our results showed that OEO supplementation had a larger effect than Vit E supplementation on improving ADG and FCR. These results are consistent with a previous study in which a diet containing 25 mg/ kg OEO improved the ADG and FCR in growing pigs, but did not affect the ADFI [35] . Nevertheless, the results are different from previous reports on the use of OEO in pig diets [26] , which showed no effect on growth performance, including final body weight, ADFI, ADG and FCR. Giannenas et al. [11] reported that the response to phytochemicals may be greater in a challenging environment and that stress could enhance the positive influence of these substances in poultry. Published differences in the effect of OEO on finishing pigs may be caused by different feeding conditions and individual differences.
In the present study, the dietary administration of OEO had positive effects on growth performance in the finishing period for pigs. Under the transportation procedures used in the study, OEO was superior to Vit E in decreasing the stress response, thereby reducing transportation-induced intestinal injury and improving meat quality. We found that OEO can act as an efficient dietary supplement to alleviate transport stress in finishing pigs.
